We investigate the magnetization reversal of individual Co islands on Cu(111) in the size range of N ¼ 700 to 18 000 atoms by spin-polarized scanning tunneling microscopy at 8 K. The switching field H sw changes with island size in a nonmonotonic manner: it increases with island size and reaches a maximum value of 2.4 T at N ¼ 5500 atoms, and it decreases for larger islands. We extract the energy barrier for magnetization reversal as a function of island size. The maximum H sw corresponds to an energy barrier of 1 eV. Our results elucidate a crossover of the magnetization reversal from an exchange-spring behavior to domain wall formation with increasing size at around 7500 atoms. DOI: 10.1103/PhysRevLett.108.107206 PACS numbers: 75.75.Fk, 68.37.Ef, 75.30.Gw, 75.60.Jk An outstanding challenge in nanomagnetism is the quantitative understanding of magnetization reversal of nanoparticles [1], which has also profound implications for magnetic recording media [2, 3] . In some cases, the exchange interaction leads to a parallel alignment of all magnetic moments, and the reversal can be described by a coherent rotation of a so-called macrospin. The venerable Stoner-Wohlfarth model of magnetization reversal describes this process [4] , and it has been applied successfully to numerous real-world nanostructures [5] [6] [7] . An alternative reversal mechanism is the nucleation of magnetic domains, and their growth upon magnetization reversal. A priori it is not clear which reversal mechanism applies for a given nanostructure, and other reversal processes are also conceivable [8, 9] . A key factor in the understanding of magnetization reversal is the energy barrier ÁE, which needs to be overcome to toggle the system between two stable magnetization states. Measurements of the magnetic switching field H sw and the extraction of ÁE for nanoparticles of different size help to identify the reversal process. However, the experimental data base on these properties of individual well-characterized nanostructures is very scarce.
We investigate the magnetization reversal of individual Co islands on Cu(111) in the size range of N ¼ 700 to 18 000 atoms by spin-polarized scanning tunneling microscopy at 8 K. The switching field H sw changes with island size in a nonmonotonic manner: it increases with island size and reaches a maximum value of 2.4 T at N ¼ 5500 atoms, and it decreases for larger islands. We extract the energy barrier for magnetization reversal as a function of island size. The maximum H sw corresponds to an energy barrier of 1 eV. Our results elucidate a crossover of the magnetization reversal from an exchange-spring behavior to domain wall formation with increasing size at around 7500 atoms. An outstanding challenge in nanomagnetism is the quantitative understanding of magnetization reversal of nanoparticles [1] , which has also profound implications for magnetic recording media [2, 3] . In some cases, the exchange interaction leads to a parallel alignment of all magnetic moments, and the reversal can be described by a coherent rotation of a so-called macrospin. The venerable Stoner-Wohlfarth model of magnetization reversal describes this process [4] , and it has been applied successfully to numerous real-world nanostructures [5] [6] [7] . An alternative reversal mechanism is the nucleation of magnetic domains, and their growth upon magnetization reversal. A priori it is not clear which reversal mechanism applies for a given nanostructure, and other reversal processes are also conceivable [8, 9] . A key factor in the understanding of magnetization reversal is the energy barrier ÁE, which needs to be overcome to toggle the system between two stable magnetization states. Measurements of the magnetic switching field H sw and the extraction of ÁE for nanoparticles of different size help to identify the reversal process. However, the experimental data base on these properties of individual well-characterized nanostructures is very scarce.
In this Letter, we report the size dependence of H sw for individual nanoislands, and this allows us to characterize a size-driven crossover between two different reversal regimes on the nanometer scale. We exploit the high spatial resolution and the magnetic sensitivity of spin-polarized scanning tunneling spectroscopy (spin-STS) to measure H sw of individual, well-characterized two atoms thick Co nanoislands. The spatial resolution of STM measurements allows us to select individual islands with similar shape, but different size. We find that H sw increases with the island size up to 5500 atoms, where 0 H sw ¼ 2:4 T at 8 K. H sw declines for larger islands. Although the general trend of the dependence of H sw on island size is expected [10] , its quantitative analysis leads to a surprising result. Small Co islands ( ' 1000 atoms) switch too easily as compared to the expectations based on the Stoner-Wohlfarth model. Our quantitative analysis suggests that the Co islands are magnetically inhomogeneous. We propose that the outer rim of the Co island is magnetically soft, whereas the center region is magnetically hard. Both phases interact by magnetic exchange coupling. Thus, Co islands may be regarded as a single element exchange-spring nanomagnet [11] . For larger islands, we propose that the magnetization reversal occurs by domain nucleation and growth.
The STM and spin-STS experiments have been performed at 8 K in an ultrahigh-vacuum chamber with a base pressure in the low 10 À11 mbar range. The Cu(111) substrate has been cleaned prior to Co deposition by cycles of ion bombardment (Ar þ , 1 keV, 1 A, 600 s) and subsequent annealing at 700 K for 10 minutes. To obtain magnetic contrast, W tips have been electrochemically etched, subsequently flashed to 2400 K under ultrahigh vacuum conditions, and covered with a magnetic material (Cr and/or Co), as described in [12] . The deposition of a submonolayer amount of Co atoms at room temperature leads to the formation of double layer high islands which are often of triangular shape [13] . Figure 1 shows a constant-current STM image of several typical Co islands on Cu(111). A quantitative analysis of the STM images provides the area A of these islands in nm 2 . From A in nm 2 we calculate the island size in number of atoms N ¼ A=0:028. The relative error of A is smaller than 5%. Figure 1 shows that the shape of the selected islands A to D is similar, while the size varies from N ¼ 1600 to 13 100 atoms. The different orientations of islands A and C versus B and D with respect to the underlying substrate correspond to the faulted and unfaulted layer stackings, respectively, as defined in [14] . The STM is at the center of a superconducting magnet, which produces a magnetic field of up to AE7:0 T perpendicular to the sample plane. We measure the field-dependence of the differential conductance dI=dV, to access the magnetization state of the islands [12, 15] . For one specific field value, we obtain a dI=dV spectrum in 100 seconds, which marks the characteristic time of our measurements. Figure 2 presents the magnetic hysteresis curves of islands A to D. In total we investigated the magnetic properties of 54 selected islands. Figure 2 shows the field dependence of the differential conductance dI=dV measured at the center of the Co islands A to D of Fig. 1 . The same tip has been used for these measurements, as confirmed by the spectroscopic signature. For each field value, a complete spectrum dI=dVðVÞ is measured, and the result for a gap voltage of V ¼ À0:5 V is plotted in Fig. 2 . Let us focus on the hysteresis loop of island A. When the field is increased from 0 to þ1:2 T, the dI=dV signal continuously increases. Between 1.2 and 1.3 T, the curve shows a drop by 2.5 nS and then gradually approaches 3.5 nS. This drop reveals the magnetization reversal of the Co island [12, 15] . We get 0 H sw ¼ 1:25 AE 0:05 T for island A. The value of H sw for one specific island is very reproducible, within AE0:05 T for repeated measurements. When the field is cycled back to zero, the dI=dV signal reverts to its initial value. In connection with a negative field cycle, we obtain a symmetric curve within experimental error.
Symmetric hysteresis curves are commonly found for spin-polarized tunneling between two ferromagnetic electrodes (here: magnetic tip and Co island). The symmetry reveals that both electrodes change their magnetization direction with the applied magnetic field. A typical butterfly shaped curve results, as has been first reported for magnetic tunnel junctions [16] and later in spin-STS measurements [12, 15] . The hysteresis loops in Fig. 2 present all a similar butterfly shape revealing that the tip response to the magnetic field is the same. On the contrary, the position of the dI=dV signal drop differs for the different islands. For islands A to C the switching field increases from 1.25 to 2.15 T, while the island size grows from 1600 to 6600 atoms. The largest island D has a smaller switching field of 1.6 T, as compared to island C. Figure 3 summarizes our measurements of the switching field H sw for different island sizes N. A nonmonotonic dependence of H sw on N is apparent. H sw increases from 0.25 to 2.5 T for an increasing size N from N ¼ 700 to 6000 atoms, and it decreases for larger islands. To gain further insights into the physics of the reversal mechanism we derive the energy barrier ÁE from H sw in the following way. If a magnetic field H is applied opposite to the magnetization direction, the apparent barrier is given by
where is the magnetic moment per atom. Thermal fluctuations help the system to cross this barrier, as pointed out by Néel and Brown [17] . At a temperature T, the relation between the switching field and the energy barrier is:
We use 0 ¼ 10 À10 s [8] and t meas ¼ 100 s, which reflects the time of one spectroscopy scan. Figure 4 (a) presents the dependence of the energy barrier ÁE on island size N. Figure 4 (b) shows a zoom-in for smaller N. The data points cluster around a linear ÁE vs N dependence up to N % 7500 atoms. An extrapolation of ÁE to zero leads to an offset N 0 . Data points for N > 7500 fall below this linear extrapolation. The Stoner-Wohlfarth model proposes that the energy barrier corresponds to the total anisotropy of the island, ÁE ¼ KN, where the anisotropy and island size are given by K and N, respectively. In view of this, the offset N 0 is a remarkable unexpected result. The blue line is a linear fit through the data points for N < 7500, with the relation ÁE lin ðNÞ ¼ KðN À N 0 Þ. The slope gives K ¼ 0:148 AE 0:005 meV=atom, and we observe an offset of N 0 ¼ 870 AE 150 atoms. It implies that only a reduced number of atoms (N À N 0 ) contributes to the magnetic anisotropy K. What is the physical origin of this offset?
The high spatial resolution of differential conductance measurements by STM have revealed that the electronic structure within a single Co nanoisland varies dramatically upon approaching the rim region. Whereas almost spatially constant spectroscopy is observed in the center region of larger islands, spectral features change and new specific edge-related features appear near the edges [18] [19] [20] . Thus, we expect that these variations of the electronic structure do also impact the magnetic properties of the island, such as the magnetic anisotropy. We correlate the offset N 0 with the number of atoms N rim in an effective rim relevant for the magnetic properties. To be more quantitative, we consider in Fig. 4(b) the size dependence of N rim , for two different rim widths of one and four atomic rows. The corresponding energy barrier is compared with the experimental data points which are bounded by these two extreme widths. We conclude that the effective rim for the magnetic properties is between one and four atomic rows wide [21] . From close inspection of Fig. 4(b) , we may speculate that this width varies with island size, and it appears to be larger for smaller islands.
Our analysis leads us to propose that we may regard the Co islands as a one-element exchange-spring system [11] . The rim contributes to the magnetization, but not to the magnetic anisotropy. We propose that Co atoms near the rim are magnetically soft; i.e., they show a negligible effective magnetic anisotropy as compared to the inner part of the Co island. The magnetocrystalline anisotropy K mc of the inner part is given by K, corrected for the dipolar anisotropy ( À 0:11 meV=atom). We find for the inner part K mc ¼ 0:25 meV=atom or 3:4 MJ=m 3 . This simplified distinction between two magnetic phases appears to be a valid first step to clarify the most relevant features for the magnetization reversal. The magnitude of N 0 suggests that the width of the magnetically soft area corresponds roughly to the extension of the so-called electronic rim state [18] . Whether this is a coincidence or a decisive aspect of the peculiar magnetic anisotropy of this system remains a topic of future in depth theoretical work. In view of numerous studies on extended monolayers, it is physically sound and well justified to consider a significant correlation between structural and electronic relaxation and magnetic anisotropy also near the boundaries of nanostructures [22] . These relaxation effects extend over several atomic distances towards the inner part of the nanostructure. It was already known that edge atoms can have a magnetic behavior quite different from atoms inside a structure. However, they usually display a higher magnetic anisotropy, as expected from their lower coordination [23] . Our present work shows that coordination effects are comparably less important. Rather, the magnetic properties of Co islands on Cu(111) appear to be affected by the variation of the electronic properties near the rim region. Within our resolution, we did not observe an influence of the stacking on the energy barrier.
For N * 7000 atoms, Fig. 4 shows that the energy barrier ÁE deviates from the linear fit to smaller values. This deviation marks the crossover to another magnetization reversal mechanism. Here, we compare ÁE to the energy cost for domain wall formation ÁE dw ðNÞ ¼ 4 ffiffiffiffiffiffiffi AK p [1] . is the area of the domain wall, and it is given by the island morphology. We calculated it from a vertical cross-section ¼ d Â ' with d ¼ 2 atoms and ' the geometric height of the inner part, given by the STM measurements for each island. Thus ' is defined as the maximal length of the domain wall. A ¼ 27:1 meV=atom is the exchange constant and K ¼0:148AE0:005meV=atom is the anisotropy energy density. We note that we never observed domains on an individual island. This does not come as a surprise, as the reversal process is expected to occur on a much shorter time scale as compared to the speed of our measurements. The red line in Fig. 4(a) shows the curve of ÁE dw ðNÞ. The agreement between the measured and calculated energy barrier is remarkable. Not only the trend of ÁE but even the numerical values are reproduced. The scenario of domain wall formation as the magnetization reversal mechanism in larger islands is reasonable. We note that for the smallest islands we have ÁE lin < ÁE dw whereas for N * 8000 atoms ÁE lin > ÁE dw and therefore the system chooses the most energetically favorable reversal mechanism. We calculate the switching fields corresponding to these results for ÁE lin and ÁE dw , and we present the results as blue and red curves, respectively, in Fig. 3 . The curves describe the experimental data on H sw very well, and this provides additional support for the reversal mechanism discussed here.
In conclusion, using the spatial resolution and the magnetic sensitivity of in-field spin-polarized scanning tunneling spectroscopy measurements, we investigated the size dependence of the switching field of Co islands on Cu(111). We identify two regimes for the size dependence of H sw which are ascribed to two magnetization reversal mechanisms. In smaller islands (N < 7000 atoms), the switching field increases with island size, and the magnetization reversal shows the characteristics of an exchange-spring magnet. A quantitative analysis suggests that the island rim is magnetically soft. The switching field decreases for larger islands. We ascribe this to a crossover to a magnetization reversal via domain wall formation. It remains a topic of future experimental and theoretical research to establish the electronic origin of the link between structural relaxation, mesoscopic misfit [24] , and magnetic anisotropy of individual nanostructures. Such studies could elucidate if possible spatial variations of A or are also significant in view of the reversal process.
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